This article describes a study on the Michael addition reaction of cyclohexanone to nitroolefins catalyzed by the chiral secondary amine (1S,4S)-2-tosyl-2,5-diazabicyclo[2.2.1]heptane. Reactions were carried out under solvent-free conditions to make them more environmentally friendly. Initially, the observed diastereoand enantioselectivities were moderate to good, but were significantly improved by lowering the reaction temperature. Furthermore, a variety of chiral acids were also tested as co-catalysts in both of their enantiomeric forms, which revealed that (R)-mandelic acid affords excellent results in terms of yield and stereoselectivity. Monitoring the reaction by MS-TOF allowed for the detection of key reaction intermediates, and a reasonable reaction mechanism in which both catalysts are involved is proposed.
Introduction
In recent years, asymmetric organocatalysis has become a useful tool for the synthesis of chiral organic compounds. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Since the pioneering work in this area by the groups of MacMillan, [13] and Barbas, [14] numerous publications have appeared in which the design, synthesis and uses of a variety of organocatalysts is described. Today, one of the biggest challenges in the synthesis of organic compounds is the implementation of procedures that are more friendly to the environment. [15, 16] According to the philosophy of Sheldon, [17] who states "the best solvent is no solvent", one strategy for the development of more environmentally friendly protocols involves solvent-free reactions. In some cases, this has been achieved using an excess of a liquid reagent, [18] [19] [20] [21] in others it has been possible to use almost equimolar amounts of reagents under solvent-free conditions to achieve good results. [22, 23] The Michael addition is considered as one of the most powerful tools for the formation of C-C bonds. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In recent years, the number of publications on the study of this organocatalytic reaction has increased considerably. [1] In 1980, Seebach and coworkers reported the reaction of achiral enamines with β-nitrostyrene with good yields and excellent diastereoselectivities. [24, 25] List, [26] Barbas [27] and Enders [28] were the pioneers in the study of the asymmetric Michael addition reaction between ketones and nitrostyrene with L-proline as a catalyst.
In addition to L-proline, its derivatives have also been successfully tested as organocatalysts in Michael additions. [29] For example, tertiary amine derivatives coupled to pyridyl groups, pyrrolidinyl, tetrazole, sulfonamide, and thiourea moieties, amongst others. [29] In addition, several reports describe the use of camphor derivatives, cinchona, DMAP, phosphines, thioureas, etc., with good results. [1] The importance of the organocatalytic Michael addition is well illustrated in the synthesis of compounds of pharmaceutical value, such as Oseltamivir (Tamiflu), a neuraminidase inhibitor used in the treatment of influenza A and B. [30] Multiple catalysis involves the use of two different organocatalysts that are not covalently linked: the catalytic blocks are not bound together in the same molecule as in multifunctional catalysis. This enables quick access to a variety of efficient catalytic systems by simple combination of individual catalysts, reducing the synthetic steps that would be required for coupling, as well as protection/ deprotection reactions. [31] Among the first examples of the use of multiple catalysis, the work of Hanessian et al. stands out. The addition of 2-nitropropane to 2-cyclohexen-1-one catalyzed by a combination of L-proline with different amines as secondary catalyst is described. [32] The same reaction was also studied by Tsogoeva´s group using the dipeptide H-Leu-His-OH in conjunction with a chiral diamine. [33] In all cases, the authors reported a synergic effect between the two units with respect to the individual chiral catalysts.
One of the easiest methods for assembling a catalytic system consists in the combination of chiral acids and chiral bases. [31] Frequently, a secondary chiral amine base has been employed while the presence of an acid for iminium activation is required. Chiral anions in the vicinity of the iminium cation may contribute to selective shielding of one of the two enantiotopic faces, leading to an improvement in the stereocontrol in the reaction. This strategy has been defined as "Asymmetric Counteranion-Directed-Catalysis" (ACDC). [34] More recent applications of the ACDC principle have been developed by Melchiorre et al., who used a salt derivative of cinchona alkaloids with different N-Boc protected amino acids to catalyze a variety of reactions with selected nucleophiles. [35] [36] [37] [38] [39] In this context, Xu and coworkers employed a combination of (S)-prolinamine and (R)-tert-leucine to catalyze the asymmetric reaction between salicylic acid and 2-cyclohexen-1-one. [40] Very recently, Jørgensen and Albrecht studied the Morita-BaylisHillman reaction catalyzed by a quinine derivative in combination with (S)-mandelic acid. [41] 
Methods
General: Flasks and stirring bars were dried for ca. 12 h at 120 °C and allowed to cool in a desiccator over anhydrous CaSO 4 . Anhydrous solvents were obtained by distillation from benzophenone ketyl radical. TLC: Merck DC-F254 plates General procedure for the Michael addition: In a roundbottom flask equipped with stirring bar the appropriate amount of organocatalyst and additive were added. Subsequently, cyclohexanone (0.3 mL, 5.8 equiv., 2.9 mmol) was added and the resulting mixture was stirred for 10 min. Then, trans-β-nitrostyrene (75 mg, 1 equiv., 0.5 mmol) was added at the temperature indicated in Table 1 and stirring was continued for the indicated time ( Table 1 ). The crude product was purified by column chromatography (n-hexane/EtOAc: 8/2). For those cases when the reactions were performed in solution, the appropriate solvent (0.3 mL) was added before the addition of trans-β-nitrostyrene. Yields are given for the isolated mixtures of diastereomers.
Results
In this work, the organocatalytic activity of (1S,4S)-2-tosyl-2,5-diazabicyclo [2.2.1] heptane (2) was studied in the Michael reaction of cyclohexanone to different nitroolefins. To assess the catalytic activity of the secondary amine 2, the Michael addition reaction of cyclohexanone to nitroolefins was chosen as model reaction. A preliminary study designed to optimize reaction conditions using cyclohexanone and trans-β-nitrostyrene was initially performed, as summarized in Table 1 .
Examination of Table 1 shows that the optimum amount of catalyst is 10 mol%, thus subsequent assays either in the absence or in the presence of different solvents were carried out with that amount of organocatalyst 2. Notably, when performing the reaction in solution, the products were usually racemic, in contrast with solvent-free reaction conditions where significant enantioenrichment was observed in the major product (2S,1'R)-3 ( Table 1, entries 1-4) .
The effect of different additives on the reaction was then studied (Table 2 ). In this series of experiments, the presence of Brønsted acids promoted the reaction, generally leading to an increase in yields and an improvement in the observed diastereomeric ratio and enantiomeric excess of the product (2S,1'R)-3. In this regard, p-chlorobenzoic acid proved to be the best additive affording products with an enantiomeric excess of 50% (Table 2 , entry 4). By contrast, o-nitrophenol was the least efficient additive, since the reaction proceeded in low yields which complicated product isolation and analysis (Table 2, entry 5). At this point, various assays showed that it was possible to use lower amounts of cyclohexanone while maintaining the yield and selectivity. Therefore, subsequent experiments were carried out using 5.8 equivalents of the ketone (an inexpensive reagent). Lower amounts of ketone are not operatively convenient due to decrease in the homogeneity of the mixture and stirring becomes inefficient.
In order to further improve the stereoselectivity of the reaction catalyzed by bicyclic amine 2, it was decided to explore a multiple catalysis strategy, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] by combining catalytic agents, rather than designing new catalysts. Three chiral acids (mandelic, tartaric and camphor sulfonic acid) available in both enantiomeric forms were selected as chiral additives in the Michael addition reaction with (1S,4S)-2-tosyl-2,5-diazabicyclo[2.2.1]heptane as the main catalyst. The results are shown in Table 3 . Table 3 shows that the chirality of the co-catalyst has a marked effect on the diastereo-and enantioselectivity of the reaction. Particularly, in the case of (R)-mandelic acid (Table 3 , entry 2), the Michael addition product was obtained in excellent yield and with very high stereoselectivity. Under these optimized reaction conditions, and applying the principle of multiple catalysis by means of the combination of (1S,4S)-2-tosyl-2,5-diazabicyclo[2.2.1]heptane and (R)-mandelic acid, several nitroolefins with a diversity of substituents on the aromatic ring were examined as substrates as shown in Table 4 . It is important to note that when the substituents in the aromatic ring of the olefin are located in the orthoposition, the reaction proceeds with high selectivity (Table  4 , entries 1-3), but in the case of para-substituents highest selectivity is found with electron-withdrawing groups (Table 4 , entry 8).
Finally, aiming to improve the results in Table 4 , the reactions were carried out at lower temperatures (-15 °C). It can be appreciated ( Table 5 ) that both the diastereoand the enantioselectivity are higher at low temperatures. Only substrates with electron-donor substituents such as benzyloxy and methoxy, do not show a significant increase in stereoselectivity at low temperatures (Table  5 , entries 5 and 6). When reactions were carried out at temperatures, below -15 °C the reaction mixture freezes and reaction times become inconveniently long.
The Michael addition reaction of cyclohexanone to trans-β-nitrostyrene catalyzed by (1S,4S)-2-tosyl-2,5-diazabicyclo[2.2.1]heptane (2) and (R)-mandelic acid was monitored using high resolution mass spectrometry (MS-TOF), following the methodology previously reported by Wennemers et al. [43] From this experiment, it was possible to obtain evidence of the involvement of enamine intermediate I, as well as iminium intermediate II prior to the formation of product III. These observations suggest that the reaction mechanism illustrated in Scheme 2 may be plausible. In particular, the structure suggested in brackets in Scheme 2 is consistent with the dual stereoinductive effect of the co-catalysts.
In summary, the beneficial effect of (R)-mandelic acid as co-catalyst in the solvent-free Michael addition reaction of cyclohexanone to different nitroolefins catalyzed by (1S,4S)-2-tosyl-2,5-diazabicyclo[2.2.1]heptane (2) has been demonstrated.
